Polycaprolactone (PCL) is a biocompatible aliphatic polyester with many possible applications in the medical field. PCL nanofibres, produced by electrospinning, could provide new characteristics that are of interest for these applications. However, a key prerequisite is the ability to obtain bead-free fibres with diameters in the nanoscale range. At present the most commonly used solvent for electrospinning PCL is chloroform, but this only leads to fibres in the microscale range. Therefore various solvent systems were examined in this study.
Introduction
Polycaprolactone (PCL) is one of the most commonly applied synthetic polymers for medical use because of its biocompatibility and slow biodegradability [1, 2, 3] . By combining the favourable intrinsic properties of the polymer PCL with the unique characteristics of a nanofibrous structure a promising material for biomedical applications can be obtained [4] [5] [6] .
Nanofibrous structures show a large specific surface area, a small pore size and a high porosity which render them of interest in a wide variety of medical applications [7] .
Currently electrospinning is the only well established technique capable of producing nanofibrous structures in a continuous way [8] . In electrospinning an electric field is applied between a grounded collector plate and the tip of a nozzle through which the polymer solution is flowing. Due to the electrostatic forces the polymer solution is distorted from a spherical pendant drop to a Taylor cone. Once these forces overcome the surface tension of the polymer solution a jet is drawn from the tip of the Taylor cone which is subsequently elongated due to bending and splaying. As a result a nonwoven is deposited on the collector plate.
A number of studies have been devoted to the electrospinning of PCL. However, obtaining bead-free fibres with diameters in the nanoscale range appeared to be difficult [4, 6, [9] [10] [11] [12] [13] [14] [15] . For medical applications it is nevertheless essential to have fibre diameters in this range in order to mimic the natural extra cellular matrix morphology and thus to promote optimal cell growth [16] . Chloroform is most often applied as solvent for electrospinning PCL but produces rather microfibres instead of nanofibres as the diameters are typically 3 to 5 µm [15, 17] . Other relatively highly toxic solvents such as dimethylformamide (DMF), tetrafluoroethylene, methylene chloride, dichloroethane and pyridine have been reported as well [4, 6, [18] [19] [20] [21] [22] . Some of them allow for nanofibres with diameters in the nanoscale range but in none of the reported systems attention was given to the stability nor the reproducibility of the electrospinning process. These are nevertheless essential for a potential breakthrough of the system. Steady state electrospinning is reported for other polymers as a solution for obtaining a high stability and reproducibility [23, 24] . This steady state implies a continuously 3 stable Taylor cone as a function of time together with an equal amount of polymer that is transported through the needle per time unit to the amount that is deposited as fibres on the collector plate per time unit [23] . The steady state condition requires stability of the process in time and is thus more strict than the common conditions for stable electrospinning described in literature so far [4, [25] [26] [27] [28] . It guarantees not only beadless nanofibrous structures but also a high reproducibility.
The major objective of this study is to determine a new solvent system which generates nanofibres in the nanoscale range, thus far below the micrometre range obtained by using chloroform. Therefore a solvent study is performed using single and binary solvent systems.
The most promising solvent system is to be studied in more detail. This consists of investigating the steady state condition as well as the influence of the electrospinning parameters on the resulting fibre morphology.
Materials and Methods
PCL and the solvents 99.8 v% chloroform, 98 v% formic acid, 99.8 v% acetic acid, 99.8 v% methanol and 99.8 wt% ethanol were supplied by Sigma Aldrich. Also silica gel orange was purchased from Sigma Aldrich. The electrospun solutions were prepared by dissolving a certain amount of PCL pellets in various solvent systems. The solutions were magnetically stirred at room temperature for three hours, which was needed for complete dissolution. The viscosity of the solutions obtained was measured using a Brookfield viscometer LVDV-II.
The conductivity was measured with a CDM210 conductivity meter (Radiometer Analytical).
During the electrospinning process, the polymer solution was pumped from a 20 ml syringe into a 15.24 cm long needle with an inner diameter of 1.024 mm. A KD Scientific Syringe Pump Series 100 regulated the flow rate of the solution. The voltage was adjusted using a Glassman High Voltage Series EH source. All electrospinning was performed at room temperature (22 ± 2 °C). The electrospinning experiments at a relative humidity (RH) of 30 ± 5 % and 50 ± 5 % were performed in a conditioned lab. The electrospinning experiments at a RH of 10 ± 4 % were performed in a closed in-house build chamber in which the air was dried with silica, Fig. 1 . Before and during the electrospinning process the humidity was monitored by a Vaisala humidity probe. 4 The molecular weight of PCL was determined by GPC measurements on a Shimadzu system equipped with a SCL-10A system controller, a LC-10AD pump, a RID-10A refractive index detector and a PL gel 5 µm Mixed-D column utilizing hexafluorisopropanol as eluent at a flow rate of 1 ml min -1 and polymethylmethacrylate as standard.
The morphology of the electrospun structures was examined using a Scanning Electron Microscope (FEI QUANTA 200 F). Prior to the SEM-measurements, the sample was coated with gold using a sputter coater (Balzers Union SCD 030). Fifty diameter measurements on each sample using Cell^D software (Olympus) determined the average fibre diameter. The value for the applied voltage was noted within the steady state area of the table and represents a range of voltages, typically ± 1 kV, allowing for steady state electrospinning.
Results and Discussion

Solvent study
In order to determine an optimum solvent system for electrospinning PCL, different single and binary solvent systems were studied. Besides being soluble in chloroform, PCL is soluble in a whole range of solvents. Formic acid and acetic acid are part of this range and are the least toxic. Moreover formic acid is often used for electrospinning various polymers in literature [29] [30] [31] [32] [33] . A combination formic acid/acetic acid is less exploited but showed to be very promising for polyamide 6 [34] . Therefore focus in this paper is to be given to formic acid and acetic acid as an alternative to chloroform. Methanol and ethanol are in some studies added to the chloroform solution to improve the electrospinnability [35] [36] [37] . Therefore these alcohols, which are no solvents of PCL, were also added to formic and acetic acid. Table 1 gives an overview of all solvent systems studied in this paper. 5 The polymer concentration was fixed at 10 wt% and the RH at 30% for all systems. When using a binary solvent system three solvent compositions were examined being 1:3, 1:1 and 3:1. However, in Table 1 only one composition is shown. The flow rate was varied between 1 and 5 ml h -1 , the tip to collector distance between 6 and 14 cm and the voltage between 10 and 30 kV. This allowed for a screening whether electrospinning was possible with the solvent system studied and if so, which conditions were the most optimal for further detailed studies.
The results of this analysis, summarized in Table 1 and Fig. 2 , show that chloroform led to uniform yet thick fibres in the microscale instead of the nanoscale range, in agreement with literature [12, 15, 16] . Acetic acid as solvent was not able to electrospin any fibrous material while formic acid resulted in a structure mainly composed out of droplets. The binary system formic acid/chloroform resulted in fibres smaller than 500 nm but quite some beads were noticeable. On the other hand the system formic acid/acetic acid showed fibres in the nanoscale range and only a few beads. The fibres obtained by using this solvent system were more than ten times smaller as the ones obtained when using chloroform. This new system may thus lead to a major breakthrough in electrospinning PCL since substantially smaller fibres can be obtained using less harmful solvents.
Prior to the profound study of the system PCL in formic acid/acetic acid the degradation behaviour of PCL in this solvent mixture should be known. It is essential to be able to electrospin with a stable solution for an acceptable period of time. Therefore, two 14 wt% polymer solutions with 30 and 40 v% acetic acid were electrospun and GPC measurements were performed on the resulting nonwovens. Comparing the thus obtained molecular weights with the molecular weight of the PCL pellets used to prepare the solutions, showed that the molecular weight did not decrease significantly after electrospinning, Table 2 . Viscosity measurements as a function of time on the 40 v% acetic acid polymer solution (Fig. 3) moreover showed that the viscosity of the solution remained stable for up to three hours after dissolving the PCL. This implies a suitable time frame for electrospinning with a stable solution of PCL.
Steady state conditions
Based on the outcome of the solvent study, the binary solvent system formic acid/acetic acid was chosen to study in more detail. As to refine the electrospinning the steady state conditions were studied, Fig. 4 . However, the general outcome and results would be similar to the ones obtained with the parameter set used in this study.
The thus obtained steady state conditions (Table 3) show that electrospinning in steady state is possible, however only for a limited region of parameters. A minimum polymer concentration of 13 wt% was necessary since otherwise the viscosity of the solution was too low. At these low concentrations the entanglements between the polymer chains were not able to provide a stable jet and droplets were formed. Above 17 wt% the viscosity of the solution became too high and electrospinning was no longer possible since solidification of the polymer happened too fast, thus in some cases blocking the needle outlet.
As was already clear from the solvent study, it was not realizable to electrospin in steady state with pure formic acid nor pure acetic acid. A mixture of both solvents was essential for obtaining this steady state condition as a minimum concentration of 30 v% formic acid and 10 v% acetic acid was necessary for steady state electrospinning (Table 3 ). This might be attributed to the relatively high dielectric constant of formic acid (57.2 ε 0 at 298 K) and the relatively low dielectric constant of acetic acid (6.6 ε 0 at 298 K) [38] . A highly polar solvent such as formic acid experiences a major influence of the electric field applied during electrospinning which causes reorientation of the solvent molecules. However, this rearrangement of molecules is dependent on the position in the electrospinning process thereby eventually giving rise to instabilities. This agrees with the reported instabilities observed in literature while electrospinning polyamide 6.6 in pure formic acid [23] . On the other hand the conductivity of a polymer solution composed of pure acetic acid is too low which also results in unstable electrospinning [24] . This finding is in agreement with earlier studies in which conductive additives were used in order to increase the conductivity of poorly polar solvents and thus to improve the electrospinning process [39] . By combining 7 acetic and formic acid a solvent system with intermediate polarity is formed and stable electrospinning in time is more likely.
Within the steady state area in Table 3 shown by the conductivity measurements.
Study of the fibre morphology
After the study of the steady state conditions the focus in this section is given to the influence of the main electrospinning parameters on the fibre morphology of samples prepared under steady state. These parameters are generally divided in three groups being process, solution and ambient parameters. The TCD and flow rate are the most important process parameters but the solvent study revealed that steady state was only possible between strict borders of TCD and flow rate. Therefore, it was chosen not to devote further attention to a variation of these parameters but to keep them constant at the already set values. The solution parameters solvent ratio and polymer concentration as well as the ambient parameter relative humidity can vary in a broader range and were thus of interest to study in more detail.
The effect of the solvent composition on the fibre morphology of the resulting nonwoven was investigated by varying the acetic acid concentration from 10 v% to 80 v%, this at 14 wt% PCL and a RH of 10 %. Although 80 v% of acetic acid is not part of the steady state region at 10 % RH, it does allow electrospinning in a stable way for a limited period of time and can thus be included. With this, it is important to realize that in order to allow stable electrospinning the applied voltage was not constant during electrospinning this range (similar to Table 3 ). All produced nonwovens show uniform bead-free fibres as seen in the SEM 8 images in Fig. 5 . The average fibre diameter shows only a minor increasing trend from 545 nm at 10 v% acetic acid to 662 nm at 80 v% acetic acid as shown in Fig. 6 . However, particularly prominent in Fig. 6 is the increasing standard deviation with increasing amount of acetic acid. The percent deviation rises from 17 % at 10 v% acetic acid to 64 % at 80 v% acetic acid. As the viscosity is not affected by the solvent composition, Fig. 7 , these effects must be attributed to the changes in the conductivity with varying acetic acid concentration. It is known that the average fibre diameter increases with decreasing conductivity [23, 41, 42] .
However, in this study the observed effect is small due to the varying voltage needed for electrospinning the whole range. Also the broadening of the fibre diameter distribution with a decrease in conductivity is in line with previous investigations on other polymers [41, 43] and is likely caused by the more inhomogeneous charge distribution in solvents with low conductivity such as acetic acid.
The second main solution parameter to investigate was the polymer concentration. Since the previous results showed that the smallest standard deviation was obtained with 10 v% of acetic acid, this solvent composition was chosen and a voltage of 18 kV was applied. The RH was again set at 10 %. The PCL concentration was varied from 12 to 17 wt%. Again, although 12 and 13 wt% do not belong to the steady state region, stable electrospinning was possible for a certain period. SEM images of 12 and 17 wt% PCL are presented in Fig. 8 . The average fibre diameters in Table 4 demonstrate the increase in diameter with increasing polymer concentration from 297 nm (12 wt%) to 966 nm (17 wt%). This is due to the rise in viscosity when the amount of PCL increases, Fig. 9 . The higher amount of entanglements discourages the bending stability of the jet to set in for a longer distance from the needle thereby causing thicker fibres [44, 45] . Moreover, at higher polymer concentrations a faster solidification of the jet is realized since the critical amount of solvent necessary to dissolve all polymer is reached earlier in the process [23] .
RH is an often overlooked, though important parameter which is known to have an influence on the fibre morphology [46] [47] [48] . To study the effect of the RH the nonwovens with varying polymer concentration were also produced at 50 % RH. It was noticed that the time to stabilize the electrospinning process increased significantly at this higher humidity. However, at the time of sample production for SEM measurements, the Taylor cone was visually stable.
The results in Table 4 show that the average fibre diameter decreases with increasing humidity. This is likely mainly caused by the plasticizing effect of water which causes a 9 slower solidification and thus a longer period of jet thinning and is in agreement with observations in other polymer-solvent systems [46, 49] . Yet, another possible cause may be found in a variation of the solution parameters during electrospinning at different RH [50] .
The standard deviations in Table 4 further suggest that the deviation increases when the humidity rises. This trend could be confirmed at other acetic acid concentrations and might be attributed to the different effect of the humidity in the polymer jet due to differences in accessibility depending on the position of the molecules in the jet. Although this hypothesis of increasing deviation with increasing humidity has escaped examination in literature, calculations on fibre diameters of electrospun polyethylene oxide and polylactic acid nanofibres found in literature show a similar trend [47, 48] .
Conclusion
A solvent study with single and binary solvent systems revealed the major potential of the solvent mixture formic acid/acetic acid for electrospinning PCL. Fibres with diameters more than ten times smaller than the ones obtained with the most commonly applied solvent chloroform could be produced. Moreover, the stability and reproducibility of the produced nonwovens was guaranteed by setting up a steady state table. The steady state conditions
show that a minimum concentration of 30 v% formic acid and 10 v% acetic acid is necessary for steady state electrospinning. Further it was found that the polymer concentration is the dominant factor for the resulting average fibre diameter. The standard deviation of the nanofibres was lowered at high formic acid content and low RH. In conclusion, the solvent system formic acid/acetic acid has proven to be an excellent system for electrospinning PCL under steady state conditions and can produce fibres in the nanoscale range with a small diameter distribution. This is a major breakthrough compared to the other solvent systems for PCL reported up till now. *Spun with a polymer concentration of 13 wt% since the viscosity with 10 wt% was too low 
